Abstract Previous genetic fate-mapping studies have indicated that embryonic glial fibrillary acidic proteinpositive (GFAP ? ) cells are multifunctional progenitor/ neural stem cells that can produce astrocytes as well as neurons and oligodendrocytes throughout the adult mouse central nervous system (CNS). However, emerging evidence from recent studies indicates that GFAP
Introduction
Embryonic radial glial cells (RGCs) are bipolar cells with radial processes spanning the entire cortical wall, from the ventricular zone to the pial surface. RGCs express glial fibrillary acidic protein (GFAP) [1] [2] [3] [4] and other astroglial markers, such as glutamate-aspartate transporter, vimentin, and RC1/2 intermediate filament epitopes [5, 6] . The earliest-established and well-documented function of RGCs is guiding neuronal migration [7] . By virtue of the radial architectural framework, newborn neurons migrate from germinal zones to their target destinations [8] . Emerging evidence from in vivo genetic fate-mapping studies indicates that embryonic RGCs are also multifunctional progenitor/neural stem cells and can produce astrocytes as well as neurons and oligodendrocytes throughout the adult CNS [3, 4] . However, a recent experiment demonstrated that the mouse cerebral cortex contains RGC sub-lineages with distinct fate potentials, and an RGC lineage is intrinsically specified to produce only upperlayer neurons [9] . Moreover, several studies have shown that GFAP ? cells undergo dramatically divergent fates in different encephalic regions of the developing CNS. For example, early postnatal GFAP ? cells give rise to astrocytes, neurons, and oligodendrocyte precursor cells in the adult cerebrum but only generate astrocytes in the adult cerebellum [10] . Similar results were found in another Cre/ loxP fate mapping study, showing that in the olfactory bulb and hippocampus, GFAP
? cells mainly produce neurons as well as astrocytes and oligodendrocytes. Conversely, in the white matter and cerebral cortex, most of the GFAP ? cells generate astrocytes and oligodendrocytes [11] . Since much of the existing evidence was obtained using different experimental approaches, in different encephalic regions, and across different species, there is not enough evidence to assert that all RGCs give rise to neurons in all regions of the adult CNS. In addition, the fate of GFAP ? progenitor cells in the young adult mouse CNS remains unclear.
Therefore, in the present study, we set out to investigate the lineage of embryonic GFAP ? cells in the young adult mouse CNS, using the human GFAP (hGFAP) gene promoter to drive the Cre recombinase expression in transgenic mice. We found that GFAP
? cells adopt different cell fates and generate different cells types in different regions, conforming to the needs of the different neural compartments they occupy.
Materials and Methods

Transgenic Mice
The hGFAP-Cre transgenic mice were generated by Casper and McCarthy [4] , and were kindly provided by Professor Shumin Duan from Zhejiang University School of Medicine, Hangzhou, China. R26R transgenic mice were purchased from Jackson Laboratory (Bar Harbor, ME). All experimental procedures were performed in accordance with protocols approved by the Institutional Animal Care and Use Committee of Xuanwu Hospital, Beijing, China.
X-Gal Staining and Immunohistochemistry
Mice were anesthetized with pentobarbital sodium (60 mg/ kg, i.p.) [12] , and then perfused with ice-cold phosphatebuffered saline (PBS) followed by 4% paraformaldehyde/ 0.1 mol/L PBS, and brains were postfixed for 2 h at 4°C. The processing for immunohistochemistry was as described in our previous study [10] .
For b-galactosidase (b-gal) histochemistry, sections were incubated in X-gal solution (5-bromo-4-chloro-3-indolyl-b-galactoside) as described previously [4, 10, 11] . Primary antibodies were applied as follows: rabbit anti-BLBP (1:1000, Chemicon, Billerica, MA), mouse antiNeuN (1:200, Chemicon, California, USA), and rabbit anticalbindin-D-28K (1:3000, Sigma, St. Louis, MO). Horseradish peroxidase-conjugated secondary antibodies were from Shanghai Bohua Biotechnology Co., Ltd., Shanghai, China and diluted at 1:5000 for use. A DAB Elite kit (Beijing Zhongshan Biotechnology Co., Ltd., Beijing, China) was used to detect immunoperoxidase as directed.
Cell Counting and Microscopic Analysis
For cell counting, five sections from each brain (3 mice for each time point) were examined. Unbiased estimation was made using a computer coupled with a light microscope (DP72, Olympus, Tokyo, Japan) and Stereo Investigator software (MicroBrightField, Colchester, VT). A sampling grid randomly placed by the software was applied to the cortex of the cerebrum and cerebellum (500 9 500 lm 2 ) and the hippocampus and thalamus (300 9 300 lm 2 ). Counting frames (300 9 300 lm 2 in cortex, 100 9 100 lm 2 in hippocampus and thalamus) were placed in the upper portion of the section as described [11] . All counting data are expressed as mean ± SD.
Results
Expression of Cre-Mediated Recombination in the Developing CNS X-gal staining was used to identify the Cre recombinaseexpressing cells. The density of X-gal ? cells varied markedly among different encephalic regions in the cerebrum and cerebellum.
Expression of Cre-Mediated Recombination in the Developing Cerebrum
In the cerebrum, X-gal staining was performed on embryonic day 17.5 (E17.5) and postnatal day 21 (P21). On E17.5, nearly all X-gal ? cells were distributed in the dorsal telencephalon, including the lateral cortex, medial cortex, and ganglionic eminence (Fig. 1A) . However, few X-gal ? cells were visible in other regions at this stage. On P21, the X-gal ? cells were ubiquitously distributed throughout the gray matter and white matter of the cerebrum. A large number of X-gal ? cells were seen in the dorsal and ventral cortex (Fig. 1Ba, d ). The X-gal ? staining was particularly striking in the pyramidal cell layer of the hippocampus and the dentate gyrus (DG) granule cell layer (Fig. 1Bb) . In addition, sporadic X-gal ? cells were visible in the thalamus (Fig. 1Bc) .
Expression of Cre-Mediated Recombination in the Developing Cerebellum
In the cerebellum, X-gal staining was performed at several developmental stages (E12.5, E13.5, E14.5, E16.5, and P21). On E12.5, there were no X-gal ? cells in the cerebellum (Fig. 2A) . On E13.5, X-gal ? cells were detected only in the rhombic lip (RL) (Fig. 2B) . At E14.5, the X-gal ? region extended from the RL to the cerebellar external granular layer (EGL). In addition, X-gal ? cells were evident at the mid-hindbrain boundary ( Fig. 2C) . At E16.5, X-gal ? cells were widely distributed throughout the cerebellum. Notably, their density was particularly striking in the EGL (Fig. 2D ). At P21, X-gal ? cells were ubiquitously distributed throughout the ? cells in the developing cerebellum of hGFAP-Cre/R26R double-transgenic mice. A X-gal staining showed the absence of X-gal ? cells at E12.5. B At E13.5, X-gal staining was seen in the rhombic lip (RL). C X-gal staining at E14.5. The RL and external granular layer (EGL) showed intense X-gal labeling, which also appeared at the mid-hindbrain boundary. D At E16.5, intense Cre activity was seen in the EGL. E, F X-gal staining at P21. mhb, midhindbrain boundary; ml, molecular layer; pcl, Purkinje cell layer; igl, internal granular layer. Scale bars, 100 lm in A-D; 25 lm in insets in B-D; 800 lm in E, and 150 lm in F.
Z. Guo et al.: GFAP
? Cell Production is Concentrated in Specific Encephalic Regions 771 cerebellum, and most were located in the internal granular layer (IGL) (Fig. 2E, F ). In the molecular layer (ML), Purkinje cell layer, and medulla, only a few X-gal ? cells were visible (Fig. 2E ).
Identification of X-gal
1 Cells in the Young Adult Mouse CNS
To investigate the fates of embryonic GFAP
? cells in the young adult mouse CNS, immunolabeling with cell typespecific antibodies was performed to identify the phenotypes of GFAP ? cells in hGFAP-Cre/R26R double-transgenic mice at P21.
Identification of X-gal ? Cells in the Young Adult Mouse Cerebrum
To determine the differentiation potential of embryonic GFAP ? cells in the cortex (including the dorsal and ventral forebrain) of young adult mice, double immunolabeling with cell type-specific antibodies was performed in the superficial and deep cortex of the young adult mouse cerebrum. The results showed that most X-gal ? cells were stained with the mature neuronal marker NeuN (Fig. 3B,  D) , and only a few were positive for the astrocytic marker Blbp (Fig. 3A, C) in both the superficial and deep cortex. Notably, nearly all the NeuN ? neurons, which were more prevalent in the deep cortex, were immunoreactive for X-gal (Fig. 3D) . In contrast, only some BLBP ? astrocytes were double-labeled with X-gal (Fig. 3A, C) .
We used stereology [13] indicate that embryonic GFAP ? cells are multipotent and primarily produce neurons in the cortex of the young adult mouse. At the same time, these results also suggest that embryonic GFAP
? cells are not the only source of cortical astrocytes at the young adult stage.
In the hippocampus, X-gal ? cells were principally located in the pyramidal cell layer (Fig. 4A, B) and the DG granule cell layer (data not shown). Immunohistochemical staining showed that the majority of the X-gal ? cells were stained with the neuronal marker NeuN (Fig. 4B) , and a very small proportion were positive for the astrocytic marker BLBP (Fig. 4A) astrocytes co-expressed X-gal (Table 2 ). These findings suggest that embryonic GFAP ? cells mainly give rise to neurons, rather than astrocytes, in the hippocampus of the young adult mouse. In addition, embryonic GFAP ? cells are the main source of neurons at the young adult stage.
In the thalamus, there were some sporadic X-gal ? cells with oval-shaped somata and slender processes. Immunohistochemical staining showed that a small proportion of the X-gal ? cells co-expressed BLBP (Fig. 4C) . Surprisingly, all the X-gal ? cells were negative for NeuN (Fig. 4D) . Estimation of the prevalence of X-gal ? astrocytes in this region showed that 23.3% ± 5.2% of X-gal ? cells were BLBP ? astrocytes (Table 1 ) and 41.7% of total BLBP ? astrocytes co-expressed X-gal (Table 2 ). These observations indicate that embryonic GFAP ? cells are the main source of astrocytes, but not of neurons, in the thalamus at the young adult stage.
Identification of X-gal
? Cells in the Young Adult Mouse Cerebellum
To identify the type(s) of X-gal ? cells in the cerebellum at P21, BLBP, NeuN, and calbindin were used to label astrocytes (including Bergmann glia), granule cells, and Purkinje cells, respectively [14] . Immunostaining showed that most of the X-gal ? cells co-expressed NeuN in the IGL (Fig. 5D) , and a number of X-gal ? cells were stained with BLBP ( Fig. 5A) and NeuN (Fig. 5C ) in the ML. However, there were no X-gal ? cells immune-positive for calbindin (Fig. 5B) . Cell counts showed that 85.0% ± 1.3% and 44.5% ± 6.1% of X-gal ? cells were NeuN ? neurons in the IGL and ML, respectively (Table 1) . Meanwhile, 58.8% and 50.2% of total NeuN ? neurons co-expressed X-gal in the IGL and ML, respectively (Table 2) . On the other hand, in the ML, 50.1% ± 5.6% of X-gal ? cells were BLBP ? astrocytes (Table 1) , and 76.7% of total BLBP ? astrocytes co-expressed X-gal (Table 2 ). In addition, we counted more than 300 calbindin ? Purkinje cells, but none were positive for X-gal ( 
Discussion
In the present study, we used hGFAP-Cre/R26R double transgenic mice to tag embryonic GFAP ? cells and trace their lineage in the young adult mouse CNS. Genetic fatemapping demonstrated that the GFAP ? progenitor cells mainly produced neurons, rather than astrocytes, in the cerebral cortex (both ventral and dorsal), hippocampus, and cerebellar IGL at the young adult stage. In addition, GFAP ? cells did not generate thalamic neurons or cerebellar Purkinje cells.
Region-Specific Differences in hGFAP-Cre-Mediated Recombination in the Young Adult Mouse CNS
We monitored the expression of Cre recombinase driven by the hGFAP promoter using X-gal staining at several time points. We found that the spatial and temporal patterning of Cre recombinase varied markedly among different encephalic regions in the cerebrum and cerebellum. For example, the onset of Cre expression began in the cerebellar RL by E13.5, suggesting that the hGFAP promoter is active in multi-potent neural stem cells (Fig. 2B) [15] . Furthermore, X-gal ? cells were nonhomogenously distributed in different regions of the cerebrum and cerebellum in the young adult mouse CNS. In the cerebrum at P21, the X-gal ? staining was particularly striking in the pyramidal cell layer of the hippocampus and the granule cell layer of the DG (Fig. 1Bb) . However, only sporadic X-gal ? cells were visible in the thalamus (Fig. 1Bc) . In the cerebellum, a large proportion of X-gal ? cells were located in the IGL and only a few were visible in the ML, Purkinje cell layer, and medulla (Fig. 2E, F) . These observations indicated that the progeny of GFAP ? progenitor cells differ profoundly between different brain regions [2] . Compared with data from several previous reports, we have provided a more comprehensive and detailed characterization of the pattern of Cre expression [2, 4, 16] .
Neurogenic Potential of GFAP 1 Progenitor Cells in the Young Adult Thalamus
Two early in vivo fate mapping studies using the same hGFAP promoter fragment to drive Cre recombinase expression have reported different results [2, 4] . One experiment found that GFAP-expressing progenitor cells produced neurons throughout the CNS, and there was very little regional heterogeneity in the neurogenic potential of RGCs between the ventral and dorsal telencephalon. Moreover, much higher reporter gene expression was detected in thalamic neurons -40% of total NeuN ? neurons, 34% of total calbindin ? neurons, and 43% of total calretinin ? neurons expressed X-gal [4] . However, experimental data from the other study suggested that the neurogenic potential of GFAP-expressing precursors is fundamentally different in the ventral and dorsal telencephalon. While GFAP ? cells generated a large number of neurons in the dorsal telencephalon, few neurons were produced from radial glia in the ventral telencephalon. In addition, the findings indicated that GFAP ? cells gave rise 
to the vast majority of cortical projection neurons but few interneurons [2] . A recent experiment also demonstrated that GFAP ? cells vary dramatically in their ability to generate divergent populations of neurons in different encephalic regions of the developing CNS [9] . In our previous study, hGFAP-Cre-ER T2 transgenic mice and R26R mice were used to investigate the cell fate of early postnatal GFAP-positive cells. Our genetic fate-mapping showed that the reporter gene is highly expressed in the thalamus, and GFAP ? cells mainly generate astrocytes as well as a few NG2 glia but not NeuN-positive neurons [10] . In the present study, we found that 23.3% of X-gal ? cells in the thalamus were BLBP ? astrocytes. However, no X-gal ? /NeuN ? neurons were detected in this region (Figs. 4D, 6 ; Tables 1, 2 ). It is clear that GFAP-expressing progenitor cells do not generate thalamic neurons at the young adult stage. Therefore, it is possible that another source of thalamic neurons exists at this stage. For example, in vivo cell fate-mapping studies have demonstrated that NG2 glia are capable of serving as neural precursors and generate some neurons in the hypothalamus of the adult brain [17, 18] . However, the role of NG2 glia in neurogenesis in the mouse thalamus is still not fully elaborated.
GFAP 1 Progenitor Cells Do Not Generate Purkinje Neurons in the Young Adult Cerebellum
Both a previous study and ours found that the expression of Cre recombinase driven by the hGFAP promoter can be detected at an early embryonic stage in the developing cerebellum [19] . In the young adult cerebellum (P21), X-gal ? cells were ubiquitously distributed throughout the cerebellum, most located in the IGL and few in the ML and Purkinje cell layer (Fig. 2E, F) . Using hGFAP-Cre/ Rosa26R double transgenic mice, a previous experiment showed that GFAP-positive progenitors produce 39% of calbindin ? Purkinje cells in the cerebellum. Interestingly, there are differences in the number of Purkinje cells that undergo recombination between the transgenic lines, and very few double-positive Purkinje neurons are detectable in the other hGFAP-Cre lines and the mGFAP-Cre lines [4] . Previous studies with hGFAP-Cre-ER T2 /R26R mice indicated that early postnatal GFAP ? cells do not generate calbindin ? Purkinje cells in the adult cerebellum [10, 11] . In the present study, to identify whether GFAP ? cells produce Purkinje cells in the young adult cerebellum, calbindin was used to label Purkinje cells, and the results showed that no X-gal ? cells were immune-positive for calbindin ( Fig. 5B ; Table 2 ). The failure to detect reporterpositive Purkinje neurons in the young adult brain may be due to the fact that the precursor cells for Purkinje cells do not express the GFAP promoter; this could also be because these progenitors differentiate prior to GFAP promoter activation [4] .
Astrocytic Fate of GFAP
1 Progenitor Cells in the Young Adult Hippocampus Astrocytes, the most abundant cell type in the CNS [20, 21] , are first detectable at a late gestational stage (* E16) and are predominantly produced during the first three weeks after birth [22, 23] . Based on their unique morphology, astrocytes can roughly be divided into protoplasmic astrocytes in the gray matter and fibrous astrocytes in the white matter [23] . It is well known that astrocytes play a series of crucial roles in structural support, ion homeostasis, blood-brain barrier function, synaptic plasticity, and repair following traumatic injury [24, 25] . Astrocytes are reportedly generated from two sources: radial glia in the ventricular zone and progenitor cells in the subventricular zone [26] [27] [28] . Recently, it has been reported that progenitors from the ventral hippocampus contribute to the neural stem cells in the DG subgranular zone, and these cells have an ability to selfrenew and generate new astrocytes in the hippocampus [29] . In addition, several in vivo genetic fate-mapping studies have indicated that embryonic NG2 cells generate protoplasmic astrocytes in the hippocampus [30] [31] [32] . This implies that NG2 glia may be another source of hippocampal astrocytes.
As is well known, astrocytes are abundant in the hippocampus. In our study, we found that a vast number of X-gal ? cells were distributed in the pyramidal cell layer of the hippocampus and the granule cell layer of the DG. Unexpectedly, immunostaining and cell-counts showed that only a small proportion (9.1%) of X-gal ? cells were BLBP ? astrocytes (Figs. 4B, 6 ; Table 1 ). A previous study that used the same hGFAP-Cre/R26R mice also failed to observe recombination in a majority of GFAP-expressing astrocytes in the adult hippocampus [4] . Together, these findings suggest that either the Cre reporter line, R26R, is inefficient at detecting Cre-mediated recombination in astrocytes, or the Cre recombinase expressed in astrocytes is non-functional [4] .
Overall, in contrast to previous studies, our findings demonstrate that the cell fate of embryonic GFAP ? cells at the young adult stage is markedly different from that at the adult stage. Moreover, the region-specific difference in the lineage of RGCs from different encephalic regions emphasizes the importance of not generalizing the lineage of RGCs across species or CNS regions. Understanding the signaling mechanisms that contribute to the development of RGCs and their generation of diverse populations of cell types in the CNS may provide new therapeutic avenues for relevant neurological diseases. Finally, a significant question raised by our study is whether the region-specific differences in the progeny of GFAP ? progenitors is due to the intrinsic characteristics of RGCs, or whether they are influenced by the local environment. Future experiments will further explore these events.
